This study describes the conceptual development and testing of a protective "bandage" prepared of a composite chitosan/graphene oxide (CSGO) material that can be applied over surfaces to isolate contamination, such as that occurring from a chemical weapon attack. The bandage can be applied either as a wet dispersion or as a dry, preset membrane. Dry bandage application can be implemented by wetting the material with acetic acid and setting on the surface, or the bandage can placed on the surface and acetic acid brushed over the bandage. The bandage isolates the contaminant by covering the contaminated area and preventing exposure, or by absorbing the contaminant into its structure. The bandage can then be removed, thereby, removing the contaminant. The efficacy of this approach was demonstrated with experiments on metal coupons using methylene blue as a simulant for a contaminant. Applications on government/military vehicles are also presented. The goal is to develop a means in which vehicles contaminated with chemical agents can be treated with minimal water and returned to service quickly without any spread of contamination or damage to the vehicle.
3. Figure 2 . Wet application of CSGO Bandage (left photo). Two aluminum metal coupons were contaminated with 1 mL of 10 mg/L of MB, and dried on the coupon. The coupon on the left had 3 mL of the CSGO dispersion poured on and dried to form a bandage coating (right photo). The coupons were then submerged. The picture was taken four hours after submersion. The MB leached from the untreated coupon, but was contained on the treated coupon. 
Background
Vehicle and equipment decontamination is a process of removing chemical, biological, radiological, nuclear (CBRN) contamination from military equipment and/or vehicles to protect health and return them to the battlefield. Decontamination currently uses large quantities of water, as well as surfactants and bleach (Medina et al. 2018a (Medina et al. , 2018b . Supplying this water can be a logistical burden. Reducing logistical burdens associated with decontamination is a key goal of the Joint Chemical, Biological, Radiological, and Nuclear Contamination Mitigation Initial Capabilities Document (JCM 2011). Further, water based decontamination can take a lot of time to set up and implement. A major goal in the CBRN community is to develop and implement decontamination technologies and approaches that require minimal water use, and that can return vehicles into action very quickly (Disbrow et al. 2014 ).
Objectives
The objective of this report is to describe the development and testing of a new technology to address chemically contaminated surfaces. The technology is a bandage made of a chitosan/graphene oxide (CSGO) composite, which the Environmental Security Engineering Team, Environmental Engineering Branch (EPE), Environmental Laboratory (EL) located at the U. S. Army Engineer Research and Development Center (ERDC) had previously developed and studied as a water treatment membrane (Abolhassani et al. 2017; Medina et al. 2017) . Characterization of these membranes indicate that they contain a layered structure (Medina et al. 2017 ). This study hypothesized that the layering can allow the contaminant to be absorbed and trapped within the membrane, providing an effective isolation functionality.
Approach
First, the goal of this study was to explore if CSGO materials can isolate chemical contaminants on a surface and prevent migration into aqueous media, serving as a barrier to prevent contaminant propagation. Second, this study also explored if a CSGO bandage could absorb the contaminants and remove them from the surface. Third, this study sought to develop an approach that could be used to rapidly return military vehicles into action after a small CBRN (Chemical, Biological, Radiological, Nuclear) exposure. Three following research questions were proposed to explore these goals:
• Question 1: Will a CSGO bandage stick to metal surfaces?
• Question 2: Can the bandage block or trap contaminants?
• Question 3: Can the bandage be removed?
The purpose of the study was to explore the process and provide a proof of concept. However, the study did have limitations that must be considered. The study was limited to a single simulant, Methylene Blue (MB). Also, the study had limited replication and relatively simple quantification methods.
Scope
The scope of this study included demonstrating the proof of concept for this decontamination technology. It consisted of laboratory studies and some limited field demonstrations, all using the simulant MB, instead of an actual chemical contaminant or chemical warfare agent (CWA).
The CSGO bandage was prepared using similar methods to those use to prepare filtration membranes for water treatment studies (Abolhassani et al. 2017; Medina et al. 2017) . As described in Medina et al. (2017) , the first step involved making a dispersion of graphene oxide (GO) and chitosan. A total of 0.3 grams (g) of GO were mixed with 1.5 g of chitosan in an aqueous solution. However, this study modified the formula for a water treatment membrane in Medina et al. (2017) and used 50 milliliters (mL) of deionized water for the bandage instead of 100 mL. This adjustment resulted in a viscous solution that evaporated faster, eventually forming a thicker bandage compared to the membrane. A 1% acetic acid was added to dissolve the chitosan and allow it to bind with the GO. A study was also conducted with a bandage synthesized solely of chitosan prepared as described previously without the GO component.
Laboratory Experiments

Preparation of the CSGO bandage
The CSGO bandage was prepared using similar methods to those used to prepare filtration membranes for water treatment studies (Abolhassani et al. 2017; Medina et al. 2017) . As described in Medina et al. (2017) , the first step involved making a dispersion of graphene oxide (GO) and chitosan. A total of 0.3 grams (g) of GO were mixed with 1.5 g of chitosan in an aqueous solution. However, this study modified the formula for a water treatment membrane used in Medina et al. (2017) , and used 50 milliliters (mL) of deionized water for the bandage instead of 100mL. This adjustment resulted in a viscous solution that evaporated faster, eventually forming a thicker bandage when compared to the membrane. A 1% acetic acid was added to dissolve the chitosan and allow it to bind with the GO. A study was also conducted with a bandage synthesized solely of chitosan prepared as described previously without the GO component.
Coupons
The laboratory studies used unpainted aluminum coupons cut into 2 in. x 2 in. (5 cm x 5 cm) square pieces or 2 in. (5 cm) radius circular pieces. Metal was chosen because most surfaces in which decontamination would likely occur include metal materials, such as military vehicles, cars, and aircraft. Also, metal has little, if any, contaminant penetration, which simplifies the study. Aluminum is widely used in military vehicles, is inexpensive, and is readily available from the machine and model shops located on the ERDC facility in Vicksburg, MS, Waterways Experiment Station (WES).
MB as simulant contaminant
The simulant contaminant MB was chosen for this study because (1) it is relatively safe to use (much of the study was conducted by a summer undergraduate student), (2) because it is a dye, it provides easy visualization of treatment effectiveness, (3) accurate measurements could be done easily using spectrophotometer, and (4) it is a reasonable simulant for organophosphate chemical warfare agents (CWA) (Brame et al. 2016) .
A 10 milligram/liter (mg/L) concentration of MB in solution was prepared and used for the studies. Depending on the experiment, 0.5 mL (for most experiments) or 2 mL (for a larger band-age study) of the 10 mg/L MB was applied to the surface of the coupons and allowed to dry over 24 hours to form a patch to simulate surface contamination. The strong blue color from MB made it possible to evaluate the treatment effectiveness simply by observing the color on the coupon, observation in water following submersion, or observation in rinsate water. MB concentrations were also measured using Ultraviolet-Visible Spectroscopy (UV/VIS) spectrophotometer in some experiments.
Wet/dry application studies
Wet studies involved application of the wet CSGO dispersion directly on to the MB contaminated coupon and subsequent drying to form a bandage in place. In contrast, during dry applications, the CSGO material was used to pre-form a bandage, and the dry pre-formed bandage was applied over the contaminated area after wetting with 30% acetic acid solution. The 30% concentration was used simply because it was readily available at EL. It is possible that a much lower concentration would have worked effectively, and this could be a useful area of future study.
The process of wetting the CSGO bandage with acetic acid was effective for small applications, however, increasing the bandage size required increasing the amount of acetic acid used. The larger bandages proved to be very difficult to handle while wet. Furthermore, any air movement would cause the larger CSGO bandages to fold over on to themselves, making them very hard to manage.
The team improved this by developing a new application method, which used a brush to apply acetic acid over a dry CSGO bandage placed over the contaminated site (Figure 1) , instead of dipping the bandage in acetic acid and applying the wet bandage on the contaminated site. The brush method used less acetic acid, and since the bandage was applied dry, it was much easier to handle. Otherwise, the performance of wetted bandages and brushed bandages was identical (results provided in Section 3). 
Application to military vehicles
Wet and dry applications were also studied on military vehicles. Studies were conducted by applying 10 mg/L MB to the surfaces of various military vehicles on the WES. These included doors from a commuter passenger van, a High Mobility Multipurpose Wheeled Vehicle (HMMWV), and a M60A1 tank. In these studies, rinsing with water was used as the challenge to the bandage. Specifics on these experiments are presented in the results (Section 3).
Spectrophotometric measurement of MB
Relative measurements of MB in solution were determined by measuring absorbance at 665 nm using an Agilent 8453 UV-Vis Spectrophotometer.
Visual estimation of bandage and MB removal
The dark color of the bandage, and the blue color of the MB, created strong contrasts with the metallic surfaces of the coupons. To estimate removal, this study compared before pictures with those after removal. Estimation techniques and charts used in mineralogy were then applied to estimate the removal amount (Compton 1962; Reid 1985) 3 Results
Laboratory Studies
Wet Application
Figure 2 summarizes results of a wet application of the CSGO bandage to shield the release of the simulated contaminant (10 mg/L MB). A total of 0.5 mL of 10 mg/L MB was applied to two aluminum metal pieces, one being a 2 in. x 2 in. (5 cm x 5 cm) piece, and the other being a 2 in. (5 cm) diameter circular piece. Although the difference in the shape of the metal pieces was regrettable, they were quite similar in size. Additionally, the shape difference did not affect the MB application and presented no obvious differences in the behavior of the MB patch. The MB was air dried to form a contaminant patch. The square piece had an application of 3 mL of the CSGO dispersion, this was allowed to set at room temperature for about an hour. Figure 2 shows that the CSGO dried to form a bandage just a bit smaller than the 2 in. x 2 in. aluminum square. The two pieces were then submerged in deionized water for four hours. After four hours of submersion, visual observations indicated that the shielding property of the wet applied bandage blocked the dissolution of the MB when compared to the control (Figure 2 ). . Two aluminum metal coupons were contaminated with 1 mL of 10 mg/L of MB, and dried on the coupon. The coupon on the left had 3 mL of the CSGO dispersion poured on and dried to form a bandage coating (right photo). The coupons were then submerged.
The picture was taken four hours after submersion. The MB leached from the untreated coupon, but was contained on the treated coupon. Figure 3 shows results of the first application of a dry bandage over a coupon contaminated with 0.5 mL of a 10 mg/L MB, and the comparison of MB released into water upon submersion. As opposed to being applied as a wet dispersion, this time a dry bandage was pre-formed from the setting of 3 mL of CSGO suspension solution. Figure 3 shows that the CSGO dried to form a bandage (approximately rectangular, 1 in. x 1.5 in. (2.54 cm x 3.81 cm)). The bandage was then wetted with acetic acid and applied over the contaminated area. After four hours, the bandage application had no visible MB release into the submerged water, while MB was clearly visible in the control solution. This result occurred even though the bandage was peeling off. It appeared that the bandage worked by absorbing the contaminant in its structure and holding it, even when submerged. In another application, a larger 5 in. x 10 in. (12.7 cm x 25 cm) CSGO bandage was applied over a dried patch of 2 mL of 10 mg/L MB (Figure 4) . The bandage was wetted with acetic acid, and was then applied to cover the MB patch. After four hours, the bandage was peeled off. Upon removal of the bandage, the majority of the dried MB patch was eliminated. There was still a small amount of MB around the edges of where the contaminant was located, however, a visual estimation concluded that 95% of the MB was removed. In looking over the CSGO bandage in the light, it was observed that the MB was absorbed in the bandage structure, as it looked to be inside the bandage and not in the surface. It was estimated that the bandage removed 95% of the solution that was applied. A question brought up by the study was "could we make a bandage just of chitosan (CS) that would work as well as the CSGO material?" To test this, a CS bandage was prepared using the same composition as the CSGO bandage, but without adding the GO component. The CS bandage shriveled up when applied, and it did not block the dissolution of MB, nor did the bandage uptake the MB ( Figure 5 ). Therefore, this control experiment indicated that GO was a necessary component to the bandage. 
Dry application
Run off Experiment
A run off experiment was conducted ( Figure 6 ). This differed from the experiments described above in that the coupons were not submerged in solution, but had water poured on the coupons to investigate the removal of the MB by its runoff. Two, 2 in. x 2 in. (5 cm x 5 cm) aluminum coupons had 0.5 mL of 10 mg/L MB applied, and were allowed to dry to form a patch on each. A 1.5 in. (3.8 cm diameter CSGO bandage was prepared from 3 mL of dispersion, then applied using the brush application described above to one of the aluminum coupons. The other coupon was left uncovered. The CSGO bandage dried for four hours and was then removed by peeling. Once again, upon bandage removal, most of the MB patch was eliminated (estimated over 95%). After four hours, the bandage was removed, removing most of the MB patch (right).
Following the setup, both coupons were rinsed with 20mL of water, which was collected as run off (Figure 7) . The run off of MB was then measured using a spectrophotometer. After rinsing, some of the MB patch was still retained on the coupon for both. There appeared to still be more MB retained on the untreated patch compared to that treated with the CSGO bandage. Run off of the MB in the untreated coupon measured 0.323 absorbance units (A), while this measured 0.000 A in the bandage treated coupon. Figure 7 . Results of the run off study.
Water submersion test
The water submersion test used a similar setup as that for the run off test (see section 3.3) in that 2 in. x 2 in. (5 cm x 5 cm) aluminum coupons had 0.5 mL of MB applied and allowed to dry to form contaminant patches, and then one was covered by a 1.5 in. (3.8 cm) circular CSGO patch using the brush method. These were then submerged in 20 mL of deionized water.
The images in Figure 8 show that upon submersion, the MB began to dissolve off the untreated coupon, but no blue color was noticed in solution of the bandage treated coupon (upper left). After 24 hours, the blue color was distributed throughout the untreated sample (upper right, Figure 8 ). The bandage showed signs of decay as the black substance, presumably released GO, was found throughout the solution. However, no blue color was identified in the water.
The graph at the bottom of Figure 8 shows that the absorbance of MB for the untreated coupon (no CSGO) increased quickly over the first four hours, then continued to solubilize at a slower rate from 4-24 hours. The coupon with the CSGO bandage, on the other hand, had no measureable release of MB, with the exception of a small measurement at four hours, which appears to have been a false positive or perhaps a transient result. 
Vehicle application studies
Applications were conducted on three vehicle surfaces, a retired commuter van, a HUMVEE, and a M60A1 tank found on station (used with permission from the ERDC commander at the time, COL Bryan Green) ( Figure 9 ). 
Application on van door
Although the van doors were found outdoors, they were a relatively clean surface, as they looked white with minimal amount of visible dirt or grime. A solution of 0.5 mL of 10 mg/L MB was applied to the door and allowed to dry forming a contaminant patch (Figure 10 ). After drying, a 1.5 in. x 1.5 in. (3.8 cm x 3.8 cm) CSGO bandage was applied to the surface using the brush technique, and was allowed to set for one hour. After one hour, the bandage was removed by peeling. Bandage removal was more difficult than in the clean coupon studies. When it was pulled off, a lot of small particles remained stuck to the surface. These were washed off. After this removal, some residual of the contaminant patch remained, however, over 90% (estimated) of the MB contaminant was removed. Similar to the coupon studies, the MB adhered onto CSGO bandage after removal. 
Bandage treatment of a HUMVEE surface
The setup for the HUMVEE study was the same for the van door. The surface of the HUMVEE was rough compared to the smooth surface of the van door, and it appeared to have more dirt and grime. When the 0.5 mL of 10 mg/L MB was applied, it penetrated into the surface, leaving a much more dull color than when applied to the van door ( Figure 11 ). Once again, a 1.5 in. x 1.5 in. (3.8 cm x 3.8 cm) bandage was applied. Removal of the dry bandage was difficult, but with some water applied to the surface, it peeled off relatively easy. A faint blue residual remained, with removal estimated in excess of 95%. 
Bandage treatment on M60A1 tank
A bandage treatment an M60A1 tank was conducted using 1 mL of 10 mg/L MB applied to form a contaminated patch (Figure 12 ). This was treated with a 2.5 in. x 5 in. (6.4 cm x 12.8 cm) CSGO bandage applied using the brush method. Like the HUMVEE, the surface of the tank was rough and grimy. However, the MB did not appear to penetrate as deeply. The bandage covered the contamination and was left on for two hours. Upon removal, a faint amount of the MB remained on the tank surface, but most of it was removed (estimated over 90%). 
Discussion
These experiments indicate that the CSGO bandage is a potentially effective technique to return vehicles and equipment back into service quickly while using very little water. The bandage can be applied over the contaminated area and left in place, isolating the contaminant until it needs to be removed. Or, it can be applied and removed to eliminate most of the contaminant. These limited experiments showed that both methods are feasible, but it may be possible to enhance either the isolation or removal strategies. For example, a bandage could be designed to emphasize adhesion on the surface, enhancing the isolation aspect, or designed so that the layered aspect is enhanced, improving the removal aspect.
Wet and dry applications of the bandages were demonstrated. Wet applications might be more effective if there is enough time to let the solution set into a bandage as it would allow the solution to penetrate surface imperfections. However, dry applications can be done quickly and allow the vehicle to return to service faster.
This study was a screening effort to determine the efficacy of the bandage process. As such, it was effective. However, future studies could benefit from more robust measurement methods, such as the use gravimetric measurements to account for losses from contaminant dissolution, and the use of surface spectrographic methods that should allow detection of the blue color on surfaces. Future studies could also benefit from replication and statistical calculations.
The laboratory testing used unpainted aluminum pieces. The field demonstrations used vehicles or vehicle parts, and these were painted. The treatments on the vehicles were not as effective. Some factors may have been dirt and grime on the surfaces or unevenness. However, it is possible that the paint might have been a factor. Future benchtop testing could focus on comparison of painted coupons to unpainted ones.
The removal of the MB by the bandage appeared to be by absorptive incorporation into the bandage material. The blue color appeared to be inside the bandage structure. Further, the submersion study did not indicate any removal of the material incorporated in the bandage.
These studies focused on MB as the contaminant. To be effective, the process must be effective using chemical warfare agents and other hazardous and toxic chemicals. Therefore, future studies could be conducted using actual agents, which may have some differences in their interactions with the CSGO materials. Characterization of the bandages after use would help to definitively determine the interfacing between the CSGO materials and the contaminant. Studies on chemical agent resistant coating (CARC) materials may also be useful. CARC are designed to allow less agent penetration (Bullivant 2004) , so it is likely to enhance the removal approach with the bandages.
Conclusions
The following conclusions were derived from this study:
• ERDC has adapted a CGSO material to sequester chemical materials on metal and painted surfaces.
• The bandage was effective at preventing the solubilization of MB into water from clean metal surfaces when submerged or rinsed.
• The bandage was also effective at rapidly absorbing MB from clean metal surfaces.
• Applications to vehicle surfaces were not as effective, but did result in a visible reduction of the MB that was adhered to the surface.
